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Counterion and pH-Mediated Structural Changes in
Charged Biopolymer Gels

Ferenc Horkay,>l<1 Peter J. Basser," Anne-Marie Hecht,> Erik Geissler’

Summary: DNA solutions and gels exhibit a wide range of phenomena, many of which
have not yet been fully understood. In the presence of multivalent counterions,
attraction between charged DNA strands occurs. Increasing the concentration of
multivalent ions leads to a decrease of the osmotic pressure, and a sufficiently high
jon concentration results in the precipitation of the polymer. Replacing the mono-
valent counterions by hydrogen ions (decreasing the pH) also produces a marked
decrease of the osmotic pressure, and at low pH a phase transition takes place. In this
paper we analyze osmotic swelling pressure measurements and small-angle neutron
scattering (SANS) measurements made on chemically cross-linked DNA gels swollen
in near physiological salt solutions. The effect of calcium ions is compared with that
of decreasing the pH of the equilibrium salt solution. We demonstrate that both the
concentration dependence of the osmotic pressure and the SANS response of DNA

volume transition

Introduction

Biopolymer molecules in aqueous solution
exhibit various conformations, which
depend on the environmental conditions,
such as the pH, the ionic strength and the
temperature. If the formation of intermo-
lecular contacts between the polymer
segments and the solvent molecules is
energetically favorable, the polymer chains
expand in solution. In the opposite case,
when the solvent has less affinity for the
polymer segments, the chains coil up into a
compact sphere to minimize contact with
solvent molecules. For example, proteins
adopt one of the following states: compact
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gels display significant differences in the two cases.
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globule, random coil or native state.
Transitions among these conformations
are possible and can be induced by chan-
ging the environmental conditions.

It is known that changes in DNA
conformation regulate important biological
processes such as replication, transcription
and transfection."™ Tt is also known that
high valence cations bind to the phosphate
groups of the DNA molecule and reduce the
electrostatic repulsion between these groups.
The reduction of the repulsion makes it
possible to bend the DNA to form compact,
folded structures, which are important
for storing long DNA molecules in the
nucleus.”!

The properties of polyelectrolyte solutions
and gels are not well understood. Simple
models, such as the Flory-Huggins theory and
the scaling theory that provide successful
description for neutral polymers, cannot be
easily extended to charged systems, mainly
due to the long-range electrostatic (Cou-
lomb) interaction between the charged
groups on the polymer backbone, and due
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to the presence of the counterions in the
solution.

Here we report the results of a systema-
tic study on the effect of the pH and the salt
concentration on the osmotic pressure and
small-angle neutron scattering (SANS)
response of DNA gels. In these gels, a
volume transition can be induced by either
(i) adding high valence cations or (ii)
decreasing the pH in the supernatant
equilibrium solution phase. We are inter-
ested in identifying differences between the
osmotic and structural properties of DNA
gels in the two cases.

Theory

Thermodynamic Considerations
The free energy, AF, of a charged polymer
gel is given as a sum of three terms!®!

AF = AFmix + AFel + AFion (1)

where AF,,,., AF,, and AF,,, are the
mixing, elastic, and ionic contributions to
the free energy, respectively. It follows
from eq. 1 that the osmotic swelling
pressure should contain mixing I1,,;, elastic
II., and ionic II;,, contributions, due to
polymer-solvent mixing, network chain
elasticity, and the Donnan potential,
respectively.

In the context of the scaling theory!”) of
gel swelling, I1,,,;x and Il can be expressed
as functions of the polymer volume fraction
¢ and are given by

1_[mix = A(pn (2)
and
Il = By" 3)

where A, B, n and m are constants. The
value of the exponent n depends on the
thermodynamic quality of the solvent [for
uncharged flexible polymer chains n~9/4
(good solvent condition) and n=3 (theta
condition)]. According to the classical
James-Guth theory of rubber elasticity
m=1/3.""] The constant A =RT/v, where
R is the gas constant, 7 the absolute
temperature, and v the molar volume of
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the solvent. The constant B = CRTv, where
v is the concentration of the elastic chains
and the prefactor C depends on the
topology of the network.

Due to the presence of permanent
crosslinks, the swollen network behaves
like a semipermeable membrane, i.e. the
concentration of mobile ions in the gel is
different from that in the surrounding salt
solution. The osmotic contribution of the
swelling pressure generated by the Donnan
potential[é] is then given by

Hion =RT Z (Ci - C?) (4)

where ¢; and ¢; are the concentration of the
i ionic species inside and outside the
swollen network, respectively.

In the presence of a large amount of
added salt, the electrostatic interactions are
screened, and the ionic term is not expected
to play a significant role. However, residual
ionic interactions may modify the mixing
free energy term.

Small-Angle Neutron Scattering

SANS is a well-suited technique for study-
ing the structure of materials in the size
range between 1 nm and about 500 nm. For
semidilute polymer solutions, the scattering
response can be described by an Ornstein-
Zernike formula

__ 100
1+
where 1(0) is the scattering intensity at
g =0, & is the polymer-polymer correlation
length, and ¢ is the scattering vector [g = 41/
/. sin(0/2), A is the wavelength of the
incident radiation and 6 the scattering
angle].

The scattering intensity from gels con-
tains another contribution due to structural

1(q) ®)

features frozen in by the cross-links.[*11]
Thus, the gel signal is given by
1(0)
I(q) =——=5+F 6
() =7 ey (9) (6)

where the functional form of the second
term F(q) is defined by the details of the gel
structure.
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Experimental Part

Gel Preparation

DNA gels were prepared from deoxyribo-
nucleic acid sodium salt (Sigma).'"?! The
molecular weight determined by ultracen-
trifugation was 1.3 x10° g mol™'. DNA
solutions (concentration: 3% w/w) were
crosslinked with ethylene glycol diglycidyl
ether at pH =9.0 using TEMED to adjust
the pH. After gelation, the gels were
washed with deionized water, and swollen
in NaCl solution (nearly physiological
condition). The pH in the surrounding
liquid phase was adjusted with HCI solu-
tion. The concentration of the CaCl, in the
equilibrium NaCl solution was gradually
increased from 0 to 1 mM.

Small-Angle Neutron Scattering

SANS measurements were performed on
DNA gels on the NG3 instrument!'?! at the
National Institute of Standards and Tech-
nology (NIST, Gaithersburg, Maryland,
USA). Gel samples were placed into
standard NIST sample cells. The sample
cell consisted of 1 mm thick quartz windows
separated by a 2mm thick spacer. The g¢-
range explored was 0.002 Al <g<02 A‘l,
and counting times from 20minutes to
2hours were used. D,O was the solvent.
After radial averaging, detector response
and cell window scattering were applied.
The neutron scattering intensities were
calibrated using absolute intensity stan-
dards. All experiments were carried out at
25+£0.1°C.

Osmotic Swelling Pressure and Elastic
Modulus Measurements
Swelling pressure measurements were
made by equilibrating the DNA gels
with aqueous poly(vinyl pyrrolidone)
(M, =29 x 10° g mol™") solutions of known
osmotic pressure. The penetration of the
polymer into the swollen network was pre-
vented by a semipermeable membrane.[*1°)
Elastic (shear) modulus measurements
were carried out on cylindrical gel samples
using a TA.XT2I HR Texture Analyser
(Stable Micro Systems, UK).'?! Swollen
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networks were uniaxially compressed (at
constant volume) between two parallel flat
plates. The stress-strain isotherms were
determined in the range of deformation
ratio 0.7 <A <1. The data were analyzed
using the relation!®!

o

e @

where G is the shear modulus and o is the
nominal stress (related to the undeformed
cross-section of the gel cylinder). The
absence of volume change and barrel
distortion was checked by measuring the
dimensions of the deformed and unde-
formed gel cylinders.

Results and Discussion

Figure 1 shows the variation of the DNA
volume fraction as a function of the pH and
the CaCl, concentration.

These measurements were made in
40mM NaCl solutions. The data clearly
indicate that both decreasing the pH and
increasing the calcium ion concentration
induce volume transitions in DNA gels.
The transition occurs around pH~1.2
and ccacp =0.3mM, respectively. In the
vicinity of the transition, the volume of the
gel sharply changes with both the pH and
the CaCl, concentration. The figure also
shows the dependence of the DNA volume
fraction on the NaCl concentration of the
equilibrium solution (lowest curve). With
increasing NaCl concentration, the volume
fraction of the DNA increases smoothly
and continuously, without any abrupt
changes.

Figure 2 shows the SANS spectra of a
DNA gel measured in D,O at different
NacCl concentrations. For small values of ¢,
the scattering curves exhibit common
features. In the g-range below 0.008 Afl,
the scattering intensity /(¢) decreases with
increasing ¢ according to the negative
fourth power law, I(q) « ¢ * This g¢-
dependence corresponds to the so-called
Porod law,!* and indicates that the surface
of the DNA clusters is smooth. At higher
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Figure 1.

Variation of the DNA volume fraction ¢ with the calcium ion concentration (lower x-axis) and the pH (upper x-
axis) in 40 mM Nacl solution. The lowest curve shows the dependence of ¢ on the NaCl concentration over the

concentration range from 0 to 400 mM NacCl (pH =7, Ccaci» =0 mMM).
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Figure 2.

SANS intensity from DNA gels in equilibrium with solutions containing NaCl (0, 10, 40 and 100 mM). The
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continuous curves through the data points of the gels swollen in 40 mM NaCl and 100 mM Nacl solutions show
the least squares fits to eq. 6 with F(g)=aq *.
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values of ¢, the shape of the scattering
curves shows significant differences
depending on the NaCl concentration. In
the salt-free solution, the scattering spec-
trum exhibits a distinct correlation peak.
This behavior is typical of polyelectrolyte
solutions and gels.[”_zl] In the present
DNA gel, the salt-free correlation peak
is located at g~0.07A", corresponding
to an average distance of d:2n/q:9OA
between the charged domains. lons screen
the charges, and, with increasing NaCl
concentration, the polyelectrolyte peak is
shifted towards lower values of ¢. In this
gel, the correlation peak moves from
¢~0.07 A~" (without salt) to g~0.04 A~!
(as a shallow peak) in 10 mM NacCl solution,
indicating that the size of the charged
domains increases by roughly 80%. In
40mM NaCl solution, the polyelectrolyte
peak has completely disappeared and only
a shoulder is observed at ¢ = 0.04 AL
The SANS data of the gels swollen in
NaCl solutions (cnaci > 40mM) can be
analyzed using eq. 6 that reproduces the
main characteristic features of the scatter-

ing curves. The continuous curves through
the data points are least-squares fits to
eq. 6. In the curve-fitting equation, the
second term was approximated by
F(q)=aq~*, where a is a constant. The
values obtained for the correlation length &
vary in the range 10 A< £<12 A, indicating
that the thermodynamic concentration
fluctuations are governed by the concentra-
tion of the polymer rather than that of the
NaCl.

In Figure 3 are displayed the SANS
spectra of DNA gels just below the volume
transition. In these gels, the NaCl concen-
tration was set at 100 mM and either the pH
or the calcium ion concentration was
varied. In both cases in the intermediate
g-range (0.008 A~'<g<0.8A™") the scat-
tering intensity is significantly enhanced
relative to the SANS intensity measured in
100mM NaCl at pH =7. This behavior is
expected when a phase transition is
approached. However, at low and high
values of g, the SANS spectra are barely
affected either by changing the pH or
adding Ca ions. At low ¢ the scattering
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Figure 3.

SANS intensity from DNA gels in equilibrium with solutions containing 100 mM Nacl at pH =7 (<7), 100 mM Nacl
at pH =15 (0), and 100 mM NaCl+0.2mM Cacl, (x) at pH=7.
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response is dominated by large-scale struc-  that neither the clusters nor the structure of
tures, while at high ¢ the scattering the DNA molecules is significantly influ-
experiment probes the local geometry of enced by the ionic composition of the
the DNA chains. The present results show  surrounding salt solution.
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Figure 4.

a) Dependence of the osmotic pressure of DNA gels on the polymer volume fraction at different values of pH in
40 mM Nacl solution. The dashed lines are least-squares fits to eq. 2. The value of the power-law exponent n
varies in the range 2.1 (pH=7) < n < 2.9 (pH=1.5). b) Dependence of the osmotic pressure of DNA gels on the
polymer volume fraction at different CaCl, concentrations in 40 mM NaCl solution. The dashed lines are least-
squares fits to eq. 2. The value of the power-law exponent n varies in the range 2.1 (Ccacl=0) >n>15
(Ccaciz=10.2mM).

Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.ms-journal.de



360l

Macromol. Symp. 2010, 291-292, 354-361

Upon closer inspection of the SANS
spectra, we can see that the shape of the
scattering curves is different in the two cases.
At low pH, the scattering response of DNA
gels is similar to that of the corresponding
neutral system (pH=7, cnaci=100mM).
However, in the presence of calcium ions,
the SANS intensity displays a characteristic
¢! dependence in the intermediate g-range,
indicating that the monovalent/divalent ion-
exchange favors the formation of linearly
aligned assemblies. This observation is
consistent with previous results reported
for poly(acrylic acid) gels swollen in salt
solutions containing both monovalent and
divalent cations.!?*?!]

Osmotic pressure measurements have
been made to gain insight into the thermo-
dynamic changes occurring in the course of
the volume transition. Figure 4 shows the
variation of the osmotic pressure as a
function of the polymer volume fraction
for DNA gels swollen in 40mM NaCl
solution at different values of pH (Fig. 4a)
and calcium ion concentrations (Fig. 4b). In
the double-logarithmic representation all
the curves are linear over the whole
concentration range explored, indicating
that the simple power-law (eq. 2) holds for
all gels independently of the pH and salt
concentration.

However, the variation of the power-law
exponent n on approaching the transition is
opposite in the two cases: n increases with
decreasing pH and decreases with increas-
ing calcium ion concentration. In these
DNA gels, the pH dependence of n is
similar to the transition from good to poor
solvent condition in neutral gels. This
similarity suggests that the thermodynamic
properties are dominated by short-range
van der Waals interactions. The influence of
calcium ions on the molecular conforma-
tion and osmotic properties appear to be
significantly different from that of the pH.
The observed difference may be related to
the difference between the binding of H-
ions and divalent counterions. Replace-
ment of sodium ions by hydrogen or
calcium ions modifies the ion distribution
and the thermodynamic interactions in
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the polymer-solvent system. In weak poly-
electrolytes the small hydrogen ions are
relatively strongly bound. As the pH
decreases the degree of protonation
increases and the polyelectrolyte gel
behaves almost like an uncharged polymer
in poor solvent. When divalent ions are
introduced into the gel they displace
condensed monovalent cations. Recent
measurements made by anomalous small-
angle X-ray scattering indicate that divalent
counterions are located in the immediate
vicinity of the oppositely charged poyelec-
trolyte chains.?>?! As a result of the
competitive ion-exchange process con-
densed divalent counterions neutralize
the polyelectrolyte molecules, and at higher
divalent salt concentration volume transi-
tion occurs. The SANS spectra indicate the
formation of linearly aligned regions in
calcium containing DNA gels below the
volume transition, probably due to residual
electrostatic repulsion between the charged
groups along the DNA strands.

Conclusion

We demonstrate that DNA gels swollen in
near-physiological NaCl solution undergo a
volume transition by adding calcium ions or
decreasing the pH. The volume change is
large and can be induced by a small change
in calcium ion concentration around
0.3mM or pH around pH~1.2. The SANS
spectra of DNA gels in the absence of
added salt display a correlation peak,
characteristic of weak polyelectrolyte sys-
tems. As the salt concentration increases
the peak is shifted towards lower values of ¢
and merges with the low-g -clustering
feature. In the intermediate ¢-range the
SANS intensity increases with both
increase of calcium ion concentration and
decrease of pH in the external solution. The
SANS results also reveal the presence of
linearly aligned regions in calcium-contain-
ing DNA gels. The dependence of the
osmotic pressure on the DNA concentra-
tion exhibits a simple power-law behavior
at each salt concentration and pH. As
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the pH decreases the power-law exponent
increases, as expected for the transition
from good to poor solvent condition in
neutral polymer systems. However, with
increasing calcium ion concentration the
power-law exponent decreases as the
volume transition is approached.
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